
BELLCOMM, I N C .  

SUBJECT: Magnetic and/or E l e c t r o s t a t i c  
Shielding of Spacecraft  
Case 600-4 FROM: FOGo Allen 

DATE: March 20, 1967 

ABSTRACT 

The sh ie ld ing  of a spacecraf t  from harmful r a d i a t i o n  
by use of magnetic f i e l d s ,  e l e c t r o s t a t i c  f i e l d s  or a combination 
of t he  two i s  b r i e f l y  reviewed from a f e a s i b i l i t y  viewpoint. 
Shielding aga ins t  t h e  most damaging components of t r a p p e d  
r a d i a t i o n  i n  t h e  Van Allen b e l t s  - 0.2 to 2 Mev e l ec t rons ,  
appears  f e a s i b l e  with magnetic sh i e ld ing  using superconductors 
cryogenical ly  cooled. E l e c t r o s t a t i c  sh i e ld ing  from e l e c t r o n s  
i s  probably impossible because of f i e l d  emission from a negat ive  
spacecraf t .  P u r e  e l e c t r o s t a t i c  sh i e ld ing  by a p o s i t i v e  spacecraf t  
p o t e n t i a l  aga ins t  energe t ic  protons r e s u l t s  i n  a co l l ec t ed  
e l e c t r o n  r a d i a t i o n  hazard w o r s e  than  t h a t  due t o  t h e  protons.  
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s h i e l d i n g  t o  p r o t e c t  aga ins t  200 Mev protons a s  well  a s  e l e c t r o n s  
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The p r i n c i p a l  components of r a d i a t i o n  a g a i n s t  which 
it i s  d i f f i c u l t  t o  s h i e l d  a s t r o n a u t s  i n  s p a c e c r a f t  u s i n g  mass 
a b s o r b e r s  a l o n e  ~ a r e  charged p a r t i c l e s .  (’) These a r e  c h i e f l y  
t r a p p e d  e l e c t r o n s  and p r o t o n s  w i t h i n  t h e  Van Allen b e l t s  and 
g a l a c t i c  o r  s o l a r  cosmic r a y  p r o t o n s  i n  t h e  o u t e r  p D r t i o n  of 
t h e  e a r t h ’ s  magnetosphere and beyond. It i s  t h u s  n a t u r a l  to 
i n q u i r e  a s  t o  t h e  f e a s i b i l i t y  of s h i e l d i n g  a g a i n s t  such  
cha rged  p a r t i c l e s  by  magnet ic  o r  e l e c t r i c  f i e l d s  p u r p o s e l y  
s e t  up around t h e  s p a c e c r a f t .  The f o l l o w i n g  i s  a v e r y  b r i e f  
r ev iew o f  t h e  p h y s i c a l  p r i n c i p l e s ,  t h e  l i m i t a t i o n s ,  and t h e  
p r e s e n t  s t a t u s  of programs t o  t e s t  or deve lop  such  s y s t e m s .  

Magnet ic  S h i e l d i n g  

The f o r c e  e x e r t e d  on a p a r t i c l e  of c h a r g e  e moving 
wi th  v e l o c i t y  v normal t 3  a magnet ic  f i e l d  H is  g i v e n  b y  

F = evH/c (1) 

which l e a d s  to a r a d i u s  o f  c u r v a t u r e  of  t h e  p a t h  of 

mvc - pc 
- -ex- e H  

p =- 

where m i s  p a r t i c l e  m a s s ,  c t h e  v e l o c i t y  of l i g h t ,  and p t h e  
momentum. 

Taking  a c c o u n t  of t h e  r e l a t i v i s t i c  mass i n c r e a s e  I”or 
e l e c t r o n s  above 1 MeV, t h e  s o l u t i o n  bec3mes 

r = (E 2 + 2EEo)1/2/He (3) 

where E i s  k i n e t i c  ene rgy  and Eo = m c2 i s  t h e  r e s t  mass.  
0 

S o l u t i o n s  of ( 3 )  a r e  shown i n  Tab le  I for t y p i c a l  
m a g n e t i c  f i e l d s  and e n e r g i e s  for e l e c t r o n s  and  p r o t o n s .  It is 
s e e n  t h a t ,  s i n c e  e l e c t r o n s  wi th  e n e r g i e s  up  t o  s e v e r a l  Mev a r e  
b e n t  w i t h  c u r v a t u r e s  of a few m e t e r s  by f i e l d s  of a few hundred 
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g a u s s ,  such  f i e l d s  ma in ta ined  around a s p a c e c r a f t  c o u l d  g i v e  
s i g n i f i c a n t  p r o t e c t i o n  from t h e  t r a p p e d  e l e c t r o n s  w i t h i n  t h e  Van 
A l l e n  b e l t s .  ( T h i s  i n c l u d e s  synchronous  o r b i t s  a t  37,000 K M . )  
E s t i m a t e s  of  t h e  mass and power r e q u i r e d  to s e t  up such  f i e l d s  
i n d i c a t e  t h a t  t h e y  would be  e x c e s s i v e  u n l e s s  t h e  c o n d u c t i n g  c o i l s  
a r e  s u p e r c o n d u c t i n g ,  (2,3,4). To g i v e  optimum p r o t e c t i o n  t h e  
magne t i c  f l u x  l i n e s  shou ld  be everywhere p a r a l l e l  to t h e  space-  
c r a f t  s u r f a c e ;  t h i s  could be a c h i e v e d  o n l y  w i t h  a t o r o i d a l  space -  
c r a f t .  However, a compromise could be  made by  p l a c i n g  heavy 
s h i e l d i n g  a t  t h o s e  l o c a t i o n s  where f l u x  l i n e s  p e n e t r a t e  t h e  s u r f a c e ,  
a s  a t  t h e  n o r t h  and s o u t h  p o l e s  of a d i p o l e  c o n f i g u r a t i - o n .  

Note f rom t h e  t a b l e  t h a t  500 g a u s s  f i e l d s  wDuld d e f l e c t  
0 . 1  Mev p r o t o n s  i n  t h e  v i c i n i t y  of t h e  s p a c e c r a f t  ( r  = 1 m e t e r )  
b u t  t h a t  100 Mev p r o t o n s  could o n l y  be  d e f l e c t e d  by I ' i e l d s  i n  
e x c e s s  of 10,000 g a u s s ;  weight  e s t i m a t e s  Lor such  a sys tem ( 3 )  
even  u s i n g  s u p e r c o n d u c t o r s ,  a r e  p r o h i b i t i v e ,  ( t hough  comparable  
to s o l i d  s h i e l d i n g ) .  

We n o t e  two advan tages  of magnet ic  s h i e l d i n g  b e f o r e  
p a s s i n g  on:  1) b o t h  p o s i t i v e  and  n e g a t i v e  p a r t i c l e s  a r e  
d e f l e c t e d  by t h e  same f i e l d  c o n f i g u r a t i o n ;  2 )  f i e l d s  of a few 
hundred g a u s s  s h o u l d  cause  a s t r o n a u t s  no h a z a r d s  d u r i n g  EVA 
p r5v ided  magnet ic  m a t e r i a l s  a r e  a v o i d e d .  

One problem t h a t  must be  c o n s i d e r e d  w i t h  magne t i c  
s h i e l d i n g  w i l l  b e  t h e  tDrque s e t  up by t h e  s t r o n g  s p a c e c r a f t  
d i p o l e  a c t i n g  a g a i n s t  any ambient  magnet ic  f i e l d .  W i t h i n  t h e  
e a r t h ' s  magnetosphere such  t o r q u e s  can  become comparable  to 
g r a v i t y  g r a d i e n t  t o r q u e s  (many pound- fee t )  and hence  a p p r e c i a b l e  
e n e r g y  must b e  expended t o  m a i n t a i n  any  a t t i t u d e  o t h e r  t h a n  t h a t  
d i c t a t e d  by  the  e a r t h ' s  f i e l d .  On t h e  o t h e r  hand ,  t h i s  same e r f e c t  
could be  u s e f u l  i n  some i n s t a n c e s  where t h e  magne t i c  a l i g n m e n t  
o f  t h e  s p a c e c r a f t  i s  a c c e p t a b l e  f o r  expe r imen t s  or o p e r a t i o n s  to 
be  per formed.  

E l e c t r o s t a t i c  S h i e l d i n g  

A s p a c e c r a f t  charged e l e c t r o s t a t i c a l l y  to a p o t e n t i a l  
V r e l a t i v e  to i t s  environment  w i l l  r e p e l  a l l  charged p a r t i c l e s  
of  l i k e  p o l a r i t y  w i t h  energy  l e s s  t h a n  V - e .  Thus a s p a c e c r a f t  
a t  -2MV would r e p e l  a l l  e l e c t r o n s  of e n e r g y  l e s s  t h a n  t h a t ,  and 
a s p a c e c r a f t  a t  +200MV would r e p e l  a l l  p r o t o n s  w i t h  e n e r g i e s  
below 200 M e V .  

There  a r e  s e v e r a l  ma jo r  d i s a d v a n t a g e s  t h a t  make p u r e  
c A l e c t r o s t a t i c  s h i e l d i n g  a p p e a r  i n f e a s i b l e .  F i r s t ,  w h i l e  c h a r g e s  
01' l i k e  p o l a r i t y  a r e  r e p e l l e d ,  p a r t i c l e s  of o p p o s i t e  p o l a r i t y  a r e  
a t t r a c t e d  and t h e i r  ene rgy  a t  impact  i s  i n c r e a s e d  by tk.e p o t e n t i a l  
of t h e  s p a c e c r a f t .  Thus, if one t r i e d  to s h i e l d  a g a i n s t  200 Mev 
p r o t o n s  by h o l d i n g  t h e  s p a c e c r a f t  a t  $200 MV, a l a r g e  f 'lux of 
e l e c t r o n s  w i t h  e n e r g i e s  of 200 Mev and o v e r  would r e s u l t ,  c a u s i n g  
a new r a d i a t i o n  problem worse t h a n  t h e  f i r s t ;  (Brems s t r a h l u n g  
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r e s u l t s  which is  h a r d e r  t o  s h i e l d  a g a i n s t  t h a n  p r o t o n s ) .  

Second, i t  w i l l  p robab ly  be i m p o s s i b l e  t o  p roduce  
n e g a t i v e  p o t e n t i a l s  on t h e  s p a c e c r a f t  s u f f i c i e n t l y  l a r g e  to 
g i v e  p r o t e c t i o n .  T h i s  i s  due to t h e  f a c t  t h a t  e l e c t r o n s  a r e  
f i e l d - e m i t t e d  from a n e g a t i v e  e l e c t r o d e  i n t o  vacuum w i t h  a n  
e x p o n e n t i a l l y  r i s i n g  c u r r e n t - v o l t a g e  law rrom a l l  s h a r p  c o r n e r s  
when l o c a l  f i e l d s  exceed  2 x lo7 vol t s /cm.  
a s  V/a where a i s  t h e  r a d i u s  of t h e  c o r n e r ,  f i e l d  e m i s s i o n  s t a r t s  
s p o n t a n e o u s l y  from most o b j e c t s  a t  a I'ew t e n s  of k i l D v o l t s .  While  
a c a r e f u l l y  des igned  e l e c t r o d e  w i t h  a l l  c o r n e r s  p o l i s h e d  and 
h a v i n g  r a d i i  of many c e n t i m e t e r s  cou ld  w i t h s t a n d  megavo l t s ,  a 
manned s p a c e c r a f t  w i t h  a n t e n n a s ,  h a t c h e s ,  t h r u s t e r s  e t c .  pro-  
t r u d i n g ,  c c u l d  n o t .  

T h i r d ,  t h e  power needed to m a i n t a i n  a l a r g e  p o s i t i v e  
p o t e n t i a l  on t h e  c r a f t  to s h i e l d  a g a i n s t  p r o t o n s  would be  v e r y  
l a r g e  u n d e r  most c i r c u m s t a n c e s .  T h i s  power i s  computed from t h e  
c u r r e n t  of  e l e c t r o n s  a t t r a c t e d  to t he  s p a c e c r a f t  t i m e s  s p a c e c r a f t  
p o t e n t i a l ,  s i n c e  t h e  l a t t e r  must be overcome to r e - e j e c t  t h e  
c o l l e c t e d  e l e c t r o n s  and m a i n t a i n  t h e  p o t e n t i a l .  S i n c e  e l e c t r o n  
v e l o c i t i e s  a r e  a t  l e a s t  10 times h i g h e r  t h a n  s p a c e c r a f t  v e l o c i -  
t i e s  even  i n  t h e  ionosphe re ,  t h i s  c u r r e n t  can  be  c a l c u l a t e d  a s  
( S p a c e c r a f t  a r e a )  x ( i n c i d e n t  e l e c t r o n  i l u x )  x (enchancement  
r a c t o r ) .  The enhancement f a c t o r  i s  a measure of t h e  e x t e n t  of 
t h e  p o t e n t i a l  o f  t h e  s p a c e c r a f t  a round  i t  i n  s p a c e  and i t s  
e f f e c t i v e n e s s  i n  t r a p p i n g  c h a r g e s  of g i v e n  e n e r g i e s .  While a 
r e g o r o u s  s o l u t i o n  is d i f f i c u l t ,  t h i s  f a c t o r  may v a r y  I'rom a few 
t i m e s  u n i t y  to o v e r  100 f o r  d i f f e r e n t  s i t u a t ' o n s  (5,5). 

S i n c e  t h e  f i e l d  goes  

We can now u s e  t h e  above  r e l a t i o n  t o  e s t i m a t e  t he  power 
d r a i n  r e q u i r e d  to h o l d  a s p a c e c r a f t  a t  a h igh  p o s i t i v e  p o t e n t i a l ,  
s a y  200 megavo l t s .  We c o n s i d e r  t h ree  d i f f e r e n t  a l t i t u d E s :  1) 
F o r  t h e  i o n o s p h e r e ,  a t  a l t i t u d e s  n e a r  200 KM, assume 1 0 ~  e l e c t r o n s /  
c c  and  e l e c t r o n  v e l o c i t i t e s  of  2 x lo7 cm/sec ( c o r r e s p o n d i n g  to 
a t e m p e r a t u r e  of 1000oK). Then e l g c t r  n f l u x  i s  2 x lo1* cm-2- 
s e c - 1 .  F o r  a s p a c e c r a f t  a r e a  of 10' em and a n  assumed enhance- 
ment f a c t o r  of 10 we f i n d  a t o t a l  c u r r e n t  f l o w  of 0 . 3  amperes  o r  
a power d r a i n  o f  50 megawatts! 

9 

At synchronous a l t i t u d e  (37,000 KM)the  i o n o s p h e r i c  
c o n t r i b u t i o n  h a s  dropped to a few H+ i o n s  and f r e e  e l e c t r o n s / c c  
(7), and t h e  on ly  s p a c e c r a f t  f l u x  t h a t  need be c o n s i d e r e d  i s  
t h a t  due to t r a p p e d  e l e c t r o n s  o r  p r o t o n s .  (The s o l a r  wind i s  
s t i l l  exc luded  b y  t h e  magnetosphere.  ) 
v a r y  g r e a t l y  i n  time and i n  l a t i t u d e ,  a v e r y  rough e s t i m a t e  o f  
t h e  t t a l  t r a p p e d  e l e c t r o n  f l u x  a t  5 .6  e a r t h  r a d i i  would be  J = I O 7  

amperes  o r  a t o t a l  power of a b o u t  6 k i l o w a t t s  to ho ld  t h e  space-  
crai ' t  a t  200 megavo l t s .  T h i s  i s  n o t  t o t a l l y  u n r e a s o n a b l e  t o  
a t  t empt .  

While t h e s e  t r a p p e d  f l u x e s  

to 10 8 cm-2 s e c - 1  (9). T h i s  y i e l d s  a t o t a l  c u r r e n t  o f  30 micro- 
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S i m i l a r  c a l c u l a t i o n s  f o r  o r b i t s  a t  h i g h e r  a l t i t u d e  
above t h e  magnetospher  
of e l e c t r o n s  of  
a b o u t  t e n  t i m e s  h i g h e r  t h a n  t h o s e  i n  synchronous  o r b i t .  

wh r e  t h f  s o l a r  wind p r o v i d e s  a f l u x  
( 5 , g )  l e a d  t o  power l e v e l s  \- 105’crn-5 s e e -  

The above c a l c u l a t i o n s  have assumed t h a t  each  c o l l e c t e d  
e l e c t r o n  a c c o u n t s  f o r  o n l y  one n e g a t i v e  c h a r g e  r e a c h i n g  t h e  space-  
c ra i ’ t .  However, t h e  l e a k a g e  of g a s  from t h e  s p a c e c r a f t  s u r r o u n d s  
i t  w i t h  a n  a tmosphere  of n e u t r a l  g a s  p F r t i c l e s  whose d e n s i t y  may 
co r re spond  t p r e s s u r e s  a s  h i g h  a s  lo-/ T o r r  i n s t e a d  of t h e  

to T o r r  one might o t h e r w i s e  e x p e c t  a t  h i g h  o r b i t  ( 1 0 ) .  
High ene rgy  e l e c t r o n s  w i l l  t h u s  i o n i z e  many g a s  m o l e c u l e s  on t h e i r  
way to t h e  s p a c e c r a f t  s u r f a c e ,  ( e s p e c i a l l y  i f  p u t  i n t o  h e l i c a l  
p a t h s  by a magne t i c  f i e l d  a s  w e l l ) .  
be  c o l l e c t e d  wh i l e  p o s i t i v e  i o n s  w i l l  be e x p e l l e d .  T h i s  i o n i z a t i o n  
p r o c e s s  i s  a l s o  enchanced b y  u l t r a - v i o l e t  s o l a r  r a d i a t i o n .  The 
r e s u l t  w i l l  be a l a r g e  enhancement of  c o l l e c t e d  e l e c t r o n  c u r r e n t  
3 v e r  t h o s e  c a l c u l a t e d  above ,  

A l l  e l e c t r o n s  r e s u l t i n g  w i l l  

F i n a l l y ,  e l e c t r o s t a t i c  s h i e l d i n g  could  b e  haza rdous  i f  
c m t i n u e d  d u r i n g  a s t r o n a u t  EVA. Even though t h e  c a p a c i t a n c e  01’ 
a n  a s t r o n a u t  to f r e e  s p a c e  is s m a l l ,  v e r y  l a r g e  d i f f e r e n c e s  i n  
p o t e n t i a l  between a s t r o n a u t  and s p a c e c r a f t  would be s e t  up .  To 
t r a n s f e r  s u f f i c i e n t  cha rg ing  c u r r e n t  to b r i n g  t h e  a s t r o n a u t  back  
t o  s p a c e c r a f t  p o t e n t i a l  upon c o n t a c t  when hundreds  of  megavo l t s  
are i n v o l v e d ,  could  cause  i n  j u r y .  

Combined Magnet ic  and E l e c t r o s t a t i c  S h e i l d i n g  

A p r p o s a l  made i n  1964 (3)  t o  combine t h e  two methods 
i s  b e i n g  a c t i v e l y  pu r sued  through a n  AVCO EVERETT c o n t r a c t  w i t h  
NASA/OART (11). Magnet ic  s h i e l d i n g  would p r o t e c t  a g a i n s t  e l e c t r o n s  
and t h e  s p a c e c r a i t  would be  e l e c t r o s t a t i c a l l y  charged p o s i t i v e l y  
to 100 or 200 Mev to p r o t e c t  a g a i n s t  cosmic p r o t 2 n s .  S i n c e  
e l e c t r o n  < l u x  to t h e  s p a c e c r a f t  i s  p r e v e n t e d  by  t h e  magne t i c  s h i e l d ,  
power d r a i n  shou ld  be  m i n i m a l ,  and no i n c r e a s e d  r a d i a t i o n  due t o  
Brems-s t r ah lung  i rom c o l l e c t e d  e l e c t r o n s  i s  i n v o l v e d .  

The a u t h o r s  of t h i s  p r o p o s a l  have p o i n t e d  o u t  t h a t  
u n d e r  i d e a l  c o n d i t i o n s ,  t h e  e l e c t r o s t a t i c  cha rge  could  be  s e t  up 
s i m u l t a n e o u s l y  w i t h  the  magnet ic  f i e l d ,  u s i n g  t h e  expanding  
magne t i c  Yie ld  l i n e s  to h e l p  e j e c t  e l e c t r o n s .  Then b o t h  should 
remain ,  w i t h  no T u r t h e r  energy  needed ,  Tor a t ime t h a t  i s  hoped 
t o  b e  l o n g  enough to o u t l a s t  a s o l a r  f l a r e  e v e n t .  If  s o ,  a v e r y  
complex 200 Mev Van d e  Graaf g e n e r a t o r  would n o t  be needed to e x p e l  
t h e  e l e c t r o n s .  (It may well  be a rgued  t h a t  t h i s  sys tem i t s e l f  i s  
more d i f f i c u l t  to b u i l d  t h a n  a Van de Graaf g e n e r a t o r ! ) .  

W h i l e  d i r e c t  d i s c h a r g e  d.ue t o  t r a p p e d  e l e c t r o n  ? l u x  
i s  minimized. by t h e  magnet ic  s h i e l d ,  d i s c h a r g e  by i o n i z a t i o n  0; 
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t h e  g a s  a b o u t  t h e  s p a c e c r a f t  now p r e d o m i n a t e s .  Rough e s t i m a t e s  
i n d i c a t e  t h a t  t h i s  d i s c h a r g e  w i l l  b e  too r a p i d  ' o r  t h i s  l a t t e r  
method (one  s h o t  e s t a b l i s h m e n t  of  magne t i c  and e l e c t r o s t a t i c  
f i e l d s )  to be  u s e f u l  u n l e s s  t he  n e u t r a l  g a s  c o n c e n t r a t i o n  a round 
t h e  s p a c e c r a f t  i s  l e s s  t h a n  a b o u t  T o r r .  S i n c e  p r e  e n t  
( A p o l l o )  s p e c i f i e d  l e a k  r a t e s  p r o v i d e  p r e s s u r e s  a b o u t  l o g  to 107 
t imes t h i s  v a l u e ,  t h e  method would be  i m p o s s i b l e  u n l e s s  a new 
g e n e r a t i o n  of vacuum tight s p a c e c r a f t  is deve loped .  

T h i s  scheme i s  very  f a r  f rom b e i n g  demons t r ab ly  workab le .  
F o r  example,  p o t e n t i a l s  of o v e r  15 megavo l t s  canno t  y e t  be main- 
t a i n e d  on e 1 e c t r d . e ~  on e a r t h .  Fu r the rmore ,  s e v e r e  problems i n  
plasma con ta inmen t  b y  t h e  magnet ic  f i e l d  may be  e n c o u n t e r e d .  How- 
e v e r ,  i t  d o e s  have a t t r a c t i v e  f e a t u r e s  which n e i t h e r  magne t i c  n o r  
e l e c t r o s t a t i c  methods b y  t hemse lves  p r o v i d e ,  

A second p r o j e c t  is c u r r e n t l y  underway a t  MSFC a l s o  
th rough  OART (11) to l o o k  a t  hardware  f e a s i b i l i t y  of s h i e l d i n g  
i n  a c t u a l  s p a c e c r a f t  d e s i g n s ;  o n l y  m a g n e t i c  s h i e l d i n g  h a s  been  
c o n s i d e r e d  t h u s  f a r .  

1011-FGA-rpk F. G. A l l e n  

Attachment  
"Table  I" "Rad.ius of Curva tu re  i n  Meters, Yor E l e c t r o n s  and 
Protons of  Energy E ,  i n  Magnet ic  F i e l d  H" 

B i b l i o g r a p h y  

copy to 
(See next p a g e )  
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Neu t ron  f l u x  i s  n o r m a l l y  v e r y  low, and s h i e l d i n g  from 
x - r a y s  and gamma r a y s  i s  p o s s i b l e  w i t h  modera te  mass 
sh ie1d .s  for a l l  b u t  v e r y  h i g h  e n e r g y  components where 
t h e  f l u x  i s  a g a i n  low. 

The t r a p p e d  e l e c t r o n s  a r e  found i n  t h e  Van A l l e n  b e l t s  
a t  a l t i t u d e s  above 150 KM o u t  to t h e  boundary  of t h e  
e a r t h ' s  magnetosphere a t  a b o u t  10 e a r t h  r a d i i ,  o r  
50,000 KM. They r ange  i n  e n e r g y  from a few t e n t h s  to 
s e v e r a l  i l l i o n  e l e c t r o n  v o l t s ,  w i t h  maximum ? l u x e s  of 

15,000. to 20,000. KM. Trapped e n e r g e t i c  p r o t o n s  a r e  
found i n  t h e  i n n e r  p n  A l l e n  b e  t ,  where p r o t o n  f l u x e s  

t h a n  40 MeV a t  a n  a l t i t u d e  of 10,000 KM. The p r i n c i p a l  
p r o t o n  h a z a r d ,  however, comes from v e r y  h i g h  ene rgy  cosmic 
r a y  p r o t o n s  n e a r  t h e  o u t e r  edge of  t h e  magnetosphere  and 
beyond, wh r e  g a l a c t i c  f l u x e s  e x i s t  a l l  t h e  t i m e  oi' s e v e r a l  

ma jo r  s o l a r  e v e n t s ,  s o l a r  p r o t o n s  f l u x e s  can  exceed t h e s e  
g a l a c t i c  i n t e n s i t i e s  b y  10 to 1000 times d u r i n g  many h o u r s .  

up to 10 !l /cm2/sec with e n e r g i e s  g r e a t e r  t h a n  500 KeV a t  

r e a c h  maxima of 10 protons/cm 3 / s e e  w i t h  e n e r g i e s  g r e a t e r  

protons/cm 5 / s e e  w i t h  e n e r g i e s  g r e a t e r  t h a n  100 MeV. Dur ing  

A good summary of a l l  t h e s e  s p a c e  r a d i a t i o n  c h a r a c t e r i s t i c s  
i s  g i v e n  i n  N a t u r a l  Environment a n d  P h y s i c a l  S t a n d a r d s  f o r  
t h e  Apol lo  Program, A p r i l ,  1965, and r e v i s i o n s ,  N A S A .  

Levy, R.H., "Rad. ia t ion  sh i e ld ing  of s p a c e  v e h i c l e s  by means 
of s u p e r c o n d u c t i n g  c o i l s ,  I '  AVCO-Everett Resea rch  Lab.  Res .  
Rep t .  106 ( A p r i l ,  1961); a l s o  ARS J. - 31, 156P,  (1961). 

Levy, R.H., and. Jones ,  G.S., A I A A  J o u r n a l  Vol .  I1 (Oct., 1964) 
P1835. 
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TABLE I 

RADIUS OF CURVATURE I N  METERS, FOR ELECTRONS AND PROTONS 

OF ENERGY E, I N  MAGNETIC FIELD H 

ELECTRONS 

_ _  - 

H E = 0.1 Mev E = 1 Mev E = 1 0  Mev E = 100 Mev 

10 gauss 1.1 m 4.7 m 35.m 330. m 

100 gauss  0.1 .47 3.5 33. 

1000 gauss 0.01 .047 0.35 3.3 

PROTONS 

- 

10 gauss  47.5 m 150.m 475. m 1500. m 

100 gauss 4.7 15. 47. 150 

1000 gauss 0.4 1.5 4. 15. 
- - 


